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Tree mortality, following surfaces fires, is much greater in forests than in savannas, despite · 
similarities in the bark thickness of tree trunks. This difference is thought to influence the 
distributions of forest and savanna biomes. There. is no consensus and very little research on 
how fires actually kill trees. Though tree canopies are too high above the flames to be charred, 
leaves are often scorched over the full tree height; hence the focus on differences in tree 
canopy recovery. I explored two possible mechanisms for differences in crown resprouting 
following canopy scorch: (1) differences in bud banks and their insulation, (2) differences in the 
vulnerability to disruption of the hydraulic system by heat scorch. I simulated canopy scorch 
using nine congeneric savanna-forest pairs in three Reserves in KwaZulu Natal, South Africa. 
Contrary to predictions, there was no difference in the presence of a viable bud bank between 
congeneric species. The resprouting response varied between congeneric pairs with only the 
Combretum, Rhus and Acacia pairs showing savanna species with a significantly greater ability 
to resprout. The vulnerability to hydraulic disruption was measured using wood density as a 
;flit 
proxy for conduit reinforcement. The results are inconclusive and possibly affected by the 
growth rates of certain shade-tolerant forest trees. The differences in crown resprouting 
following canopy scorch of forest and savanna trees is not the result of differences in bud banks 
and resprouting ability. The differences in insulation of vulnerable tissue by bark may be related 
to the protection of the hydraulic system rather than the buds and/or cambium. 
2 
Introduction 
There is considerable interest in the ecological community on the influence climate change will 
have on current biome distributions. The limitations to accurate modelling and predictions of 
change arise partly from the insufficient understanding of the factors and processes which 
define current biome boundaries .(Hoffman et al, 2003; Midgley et al, 2010). This is evident in 
South Africa where forest and savanna biomes sporadically occur adjacent to one another with 
seemingly very abiotic few factors influencing this d.istribution. Longman and Jenik (1992) 
classify several ecological concepts for 'bounda.ries'; one such concept is the transition zone or 
ecotone between two biomes. This transition zone can be gradual with factors such as altitude, 
latitude or soil characteristics defining the change. Alternatively, the transition zone could be 
I 
sharp and occur over a couple of m~tres. This.sharp transition zone is common in the forest-
savanna ecotones of South Africa. Another 'boundary concept' from Longman and Jenik (1992) 
is that of a barrier or a restraint on movement. In the context of this study, 'movement' is the 
occurrence of forest trees within savannas, and the proposed barrier or restraint to this 
'movement' is the difference in fire-adaptive traits. 
The evolutionary histories of savanna and forest species lead to rlifferent responses to 
naturally occurring fire. Savanna trees live in a very flammable grassy matrix and are burnt at 
intervals of 1 - 3 years : in' mesic and humid regions (Hoffman et al, 2009). The recruitment 
problem for juveniles is overcome by below ground storage and a pole-like architecture 
(Archibald and Bond, 2003). ·Hqwever sfudies of adult savanna fire survival traits have largely 
focused on bark thickness, especially in the flame zone (Hoffman et al, 2003; Gignoux et al, 
1997). Though .canopies usually are not burnt, leaves and branches are scorched from heat. The 
effect of scorching has been poorly understood. Forest trees seldom burn because of the lack of 
grasses and a humid understory. Fires in forests typically lead to much higher tree mortality 
than in savannas (Cochrane, 2003). 
Comparative studies on forest and savanna tree traits are highly dependent on the age 
class of the individuals and the selective pressures associated with the age class (Archibald and 
Bond, 2003, Bond and Midgley, 2001). This study focuses on adult individuals from savanna and 
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forest species. Bond and Midgley (2001) emphasise the importance of persistence traits in 
community assembly whereby adult individuals show varying resilience to disturbance in rates 
of survival and the ability· to recover through sprouting (Keith et al, 2007). Studies of 
persistence traits (e.g. Hoffman et al, 2003, 2009) have focused on traits such as b'ark thickness, 
total non-soluble carbohydrate storage in roots and stems and the height of reproductive 
individuals. Few comparative studies have explored the differences between post-fire canopy 
recovery of forest and savanna species, specifically on the differences in canopy recovery 
through sprouting. 
In this study, compared savanna and forest species focusing on traits commonly 
associated with fire resistance. I particularly ~ished to explore differences in post-fire canopy 
recovery between forest and savanna species. Though tree canopies are too high above the 
flames to be charred, leaves are often scorched over the full tree height. Savanna trees, which 
experience frequent fire, would require protected or insulated buds to recover rapidly from 
crown scorch (Burrows, 2002). Forest trees, where fires are unlikely catastrophic events, may 
have no such protection from crow~ scorch. Though, where studies have compared buds of 
eucalypts, which have fire resistant crowns, with other species; I know of no studies comparing 
forest and savanna crown sprouting traits. 
Bark properties are often proposed as the main reason for tree survival in fire (Gignoux 
et al, 1997; Hoffman and Solbrig, 2003, Balfour and Midgley, 2006). Bark thickness is a 
particularly important property, the ability to insulate heat sensitive tissue (cambium, xylem, 
bud tissue, phloem) within the stem is stated by some as "the primary factor determining 
whether ~ tree is fire resistant or not" (Reifsnyder et al, 1967; Bond and van Wilgen, 1996), 
however Gignoux et al (1997) caution against such an over simplification. Forest trees primarily 
compete for light therefore it is expected that savanna trees will show greater investments in 
bark in than forest trees. 
So the hypothesis is that savanna canop.ies recover faster from crown scorch than forest 
trees, which may not recover at all. This wou_ld result in high mortality from a surface fire in a 
forest, but none at all in a savanna (Browne, Unpublished). There are two possible mechanisms 
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for differences in forest and savanna crown sprouting (1) differences in bud banks and their 
insulation, (2) differences in the vulnerability to disruption of the hydraulic system by heat 
scorch (Midgley et al, in press). There is no consensus and very little research on how fires 
actually kill stems of savanna trees (Midgley et al, 2010). I explored both possible mechanisms 
here. 
These hypotheses were tested in Northern Kwa-Zulu Natal, South Africa, using 
congeneric species pairs containing one forest species and one savanna · species, preferably 
from the same genus. This was not always possible as was the case with marula, Sc/erocarya 
birrea, and wild plum, Harpephyl/um caffrum. In comparative studies, _it is imperative that there 
is a measure of phylogenetic independence, which can be accounted for using congeneric pairs 
(Felsenstein, 1985; Hoffman et al, 2003). 
5 
Methods 
Field work for the study was conducted in three Ezemvelo Kwa-Zulu Natal Wildlife (EKZNW) 
reserves in Northern Kwa-Zulu Natal, South Africa. The preliminary field work was done in 
March 2010 and was concluded in August 2010. Nine forest-savanna species pairs (Table 1) 
were chosen based on the availability of these species within the EKZNW reserves (Figure 1). 
The majority of these species were found within the Hluhluwe-iMfolozi Park, whilst lthala Game 
Reserve and the lsimangaliso Wetland Park False Bay Nature Reserve contained one each . 
• ____ 3_" 
+ 
lthala Game Reserve . 
Englerophytum magalismontanum 





Figure 1. Location of the reserves in which the study was done. The species investigated in 
lthala Game Reserve and False Bay Nature Reserve are shown below their respective inserts. 
The remaining species were found in the Hluhluwe-iMfolozi Park. 
6 
The three reserves contain elements of savanna and/or forest biomes. The Hluhluwe-iMfolozi 
Park (28°12'41"5 31°59'31"E) extends over 960 square kilometres and is roughly divided by the 
Corridor Road into the wetter Hluhluwe in the north and the drier iMfolozi in the south. This 
summer rainfall region receives between 600m and 1000mm per annum. The lthala Garr:ie 
Reserve {27°31' 41"5 31 °l 7'55"E) occurs at a higher altitude, 400m a.s.l. - 1450m a.s.l. This 300 
square kilometres summer rainfall region recejves between 750mm and 1000mm per annum 
and occasionally experiences extreme winter frost. Th~ predominantly upland mesic savanna 
{Archibald and Bond, 2003) is intersected with densely vegetated riverine valleys and high-lying 
grassland plateaus. The False Bay Nature Reserve {28°00'34"5 32°21'20"E) forms part of the 
lsimangaliso Wetland Park, a World Heritage Site. The reserve is found on the Western shores 
of False Bay, part of Lake St. Lucia. This is the smallest of the three reserves, covering 225 
square kilometres. Vegetation in the park is primarily thornveld, lowland savanna and sand 
forests. Rainfall {600mm per annum) and altitude for False Bay Nature Reserve are less variable 
l i.:-·~ • 
than the other parks. 
Table 1. Congeneric species pairs studied. 
Savanna Species 
Dombeya rotundifolia 





























The treatments and measured variables were performed on congeneric species pairs, 
comprising a savanna and forest species of the. same ge_nus (Table 1). An exception to this was 
the Anacardiaceae pair where marula, Sclerocarya birrea, and wild plum, Harpephyllum 
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caffrum, were paire~. Felsenstein {1985) recommends this approach for comparative st~dies to 
ensure some level of phylogenetic independence, an approach which has been adopted by 
similar studies {Hoffman et al, 2003; Hoffman et al, 2004; Hoffman et al, 2009).-
Sampling methods 
·Ten individuals of each of the eighteen species were sampled. Large individuals were selected 
so as to exclude juveniles which could exhibit different strategies to adult individuals (Bond and 
Midgley, 2001). Similarly, when possible, older branches were selected for experimental 
treatment to avoid innate differences betyveen recent resprouts and established branches. An 
estimate of tree height was taken at each tree as well as trunk diameter at lm above the 
ground. 
Treatment 
In March 2010, canopy scorch was simulated using a cutting technique with the diameters at 
which the branches were cut as a surrogate for measures of fire intensity. Firstly, a 1cm stem 
diameter was located and cut. The branch was then tagged lm along the stem · from the cut. 
Any branches between the original cut and the tag were also cut so that the terminal stem 
~ . 
diameter of any branch was 1cm {Figure 2). This process was then repeated on a separate 
branch for a 3cm stem diameter. The · treatme_nt was replicated on ten trees of each of the 
eighteen species giving a total of 180 trees. 
Measurements 
An estimate of tree height was taken at each tree as well as trunk diameter at lm above the 
ground. Bark thickness was measured at both the 1cm and 3cm diameters. A measure of bark 
,, 
thickness was also taken from the trunk at lm above the ground. Bark thickness measurements 
' 
were made using vernier callipers. A measure of stem architecture was taken by measuring the 








Figure 2. A schematic representation of the treatment 
Figure 3. Photo of Maytenus seneqa/ensis post-treatment sprouting in August 2010. 
:The circles show the procedure used for counting the number of buds i.e. this branch 
has 5 resprouts from 3 buds. 
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I quantified resprouting of each individual in August 2010. I counted the number of resprouts 
found on the original lm stretch of both the 1cm and 3cm diameter branches (Figure 3). This 
process was then repeated for the number of buds from which these resprouts grew (Figure 3). 
The length of each resprout was also recorded sequentially from cut to tag. 
A section of stem (±3cm diameter) was collected from six individuals of each species excluding 
Dombeya rotundifolia and D. burgessii (controlled management burns in the Hluhluwe-iMfolozi 
Park in early August 2010 scorched the D. rotundifolia used in the study; so that the Do~beya 
pair, had to be excluded). The sections of stem were used to determine Stem Specific Density 
(SSD) using the protocol outlined by Cornelissen et al _(2003). The bark was removed and the . 
volume of the fresh stern' was calculated using Archimedes Principle. Next, the wood samples 
were oven-dried at 100°( for six days and then weighed. The SSD was calculated as this mass 
divided by the volume. 
Data Analysis 
The data were analyzed usi_ng Statistica 9, R 2.11.1 and Microsoft Excel 
A least-squares regression was used to fit a curve to the relationship between log-transformed 
bark thicknesses and stem diameters of all species and then of each congeneric pair. A least-
squares regression was also used for the r~lationship between 3cm stem diameter bark 
thickness and wood density for the all species.A non-parametric Mann-Whitney U-test was 
used to compare differences in savanna and forest species pairs for absolute and relative bark 
thickness, stem architecture and resprouting capability. 
The stem architecture measurements were used to determine the gradient at which stem 
diameter increases. The 1cm bark thickness value for each savanna species was then 
substituted into the corresponding forest species bark thickness regression to determine the 
diameter at which the same absolute bark thickness wa_s reached (Figure 4). This diameter was 
then used in the stem architecture regression to determine the relative amount of canopy die 
back from the same intensity fire for savanna and forest trees (Figure 4). 
' , · ' 
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A least-squares regression was used to fit a curve to the relationship between wood density 
and bark thickness for the mean values of all species. A Kruskal-Wallis multiple comparison test 
was used to test for significant differences between 
A quantile regression was used to fit a curve of a 0.95 quantile to the relationship between tree 
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Length of 
vulnerable branch 
Figure 4. Schematic representation of the canopy die back analysis. The top and 
bottom branch represent a savanna and forest tree respectively. 
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Figure 5. Relationship between stem diameter and bark thickness of congeneric 
savanna and forest trees. Both axes are log-transformed. See Table 1 for species names. 
Dotted line and solid line indicate Forest and Savanna regressions respectively. Statistics 
are listed in Appendix 1. 
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For four of the nine congeneric pairs the bark thickness for a given stem diameter was 
greater in the savanna species (Figure 5). In the Anacardiaceae pair, Harpephyllum caffrum 
showed greater bark thickness across the range of diameters (y=O. 7996x - 0.1207, R2=0.8973, 
p<0.0001, n=30), although this difference to its savanna pair was not statistically significant 
(Mann-Whitney U-test: See Appendix 2). Savanna absolute bark thickness at a stem diameter of 
3cm and at the lm trunk height was greater than ·the forest counterpart for seven (excluding 
Anacardiaceae and Strychnos) of the nine pairs (Appendix 2). Combretum kraus~ii and Acacia 
robusta showed higher bark thickness at 1cm stem diameters than their respective savanna 
counter parts (Figure 5). 
Bark thickness for the combined savanna species and forest species (Figure 6) show 
savanna trees to have a higher overall bark thickness. The rate at which bark thickness 
increases is, surprisingly, slightly greater in forest species (y = 0.6227x - 0.3365, R2 =·0.39, p < 
0.0001, n = 270) than in savanna species (y = 0.5798x + 0.0101, R2 = 0.47, p < 0.0001, n = 270). 
There are relatively low levels of correlation between bark thickness and stem diameter for . 
savanna (R2 = 0.47) and forest (R2 = 0.39) trees; however within congeneric pairs, the savanna 
species generally show higher levels of correlation (R2 > 0.5) while forest species are more 
variable (Appendix 1). 
e 1 
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Figure 6. Relationship b~tween bark thickness and stem diameter of all savanna and forest 
species. Both axes are log-transformed. Forest (y = 0.6227x - 0.3365, R2 = 0.39. p < O.OOOi. 
n = 270) Savanna (y = 0.5798x + 0.0101, R2 = 0.47, p < 0.0001, n = 270). 
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3cm Bark Thickness (mm) 
Figure 7. Relationship between wood density and bark thickness for all forest and 
savanna species e·xcluding the Dombeya pair. Forest (y = 0.0701x + 0.5823. R2 = 0.15, 
. . . 2 
p = 0.340. n = 8) Savanna (y = -0.0613x + 0.8131. R = 0.75, p = 0.0157. n = 8). 
DForest 
•savanna 
Figure 8. Mean Wood Density for each of the savanna and forest species. 
Error bars indicate standard deviation. See Table 1 for species names. 
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Table 2: Wood density for eight savanna and forest congeneric pairs with the results from a 
Kruskal-Wallis Multiple Comparison Test. Standard Deviations are indicated in parentheses. 
Mean Wood Density (mg.mm-3) Kruskal-Wallis Multiple Comparison 
Forest Savanna H N p df 
Acacia 0-71~ (0.037) · 0.683 (0.056) 0.240 9 0.490 1 
Englerophytum 0.745 (0.056) 0.621 (0.073) 0.398 10 0.047 1 
Euclea 0.561 (0.070) · 0.680 (0.028) 5.771 10 0.016 1 
Combretum 0.654 (0.035) 0.749 (0.038) 6.818 10 0.009 1 
Maytenus 0.704 (0.052) 0.572 (0.032) 6.818 10 0.009 1 
Strychnos 0.967 (0.030) 0.681 (0.106) 5.333 8 0.021 1 
Anacardiaceae 0.557 (0.054) 0.681 (0.690) 4.811 10 0.028 1 
I 
Rhus 0.587 (0.027) . 0.651 (0.051) 4.811 10 0.028 1 . 
Wood density was compared with 3cm stem diameter bark thickness {Figure 7). This 
stem diameter was chosen because the wood samples were generally taken from 3cm diameter 
branche~. Savanna trees showed decreasing wood density with increasing bark thickness {y = -
0.0613x + 0.8131, R2 = 0.75, p = 0.0157, n = 80) although the relationship was not statistically 
significant. Forest trees showed a positive but weak relationship between bark thickness and 
wood density {y = 0.0701x + 0.5823, R2 = 0.15, p = 0.340, n = 80). When compared within the 
pairs, the only pair not to show a significant difference in wood density between savanna and 
forest species was the Acacia pair (H (1) = 0.240, p = 0.490). The difference in wood density is 
not unidirectional; three pairs have forest species with greater wood density than the savanna 
counterpart (Table 2). 
The stem profiles (Figure 9) generally show savanna species having thick branches with 
stem diameter increasing at a greater rate from the shoot tip than forest trees. The Euclea pair 
show an almost parallel relationship between Euclea divinorum (y = 0.0159x - 0.0154, R2 = 0.97, 
p < 0.0001, n = 30) and 1Euclea racemosa (y = 0.0163x + 0.0736, ll2 = 0.78, p < 0.0001, n = 30). 
Three of the nine pairs show forest species having a larger diameter than savanna species 5cm 
from the shoot tip, two pairs show the savanna species having a larger diameter and four 
15 
species show no significant differences (Appendix 2).The stem profiles from Figure 9 were used 
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Figure 9. Relationship between the distance from the shoot tip and stem diameter 
of congeneric forest and savanna species pairs. See Table 1 for species names. 
Dotted line and solid line indicate Forest and Savanna regressions respectively. 
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Figure 10: Distance from the shoot tip to a stem diameter which supports the average absolute 
bark thickness at 1cm diameter of the savanna species of each congeneric pair. Distance is log-
transformed to show order of magnitude differences within the pairs. 
If vulnerability of stems to fire injury depends on the bark thickness, then canopy die 
back will vary depending on its relationship between shoot length and bark thickness. Figure 10 
shows the shoot length standardised relative to the savanna species with bark thickness 
measured at 1cm diameter:Forest species generally had much greater shoot lengths vulnerable 
to fire injury than savanna trees using this assu.mption (Figure 10). The only deviation from the 
trend was in the Combre!~m pair. The most extreme cas~ was the Englerophytum pair. The 
distance on Englerophytum natalense was nearly three orders of magnitude larger than that of 
Eng/erophytum magalismontanum (Figure 10).- The highest similarity ,was found in the Acacia 
pair where there was less than 0.04 order of magnitude difference (Figure 10). 
Figure 11 and Figure 12 consistently show the lack of consistency in bud and resprout 
traits of savanna and forest species. The Combretum and Rhus pairs show significant 
differences . in number of resprouts and the lengths of these resprouts for both treatments 
· Page I 10 
17 
· (Appendix 2). The Acacia pair shows significant differences in the number of resprouts for the 
1cm treatment and 'the number of buds and resprout length for the 3cm treatment. A one-
tailed Mann-Whitney U-test revealed no significantly lower numbers of resprouts on the 3cm 






































Figure 11. Average number of resprouts on each of the treated branches for 
both species of the congeneric pairs. (a) 1cm treatment (b) 3cm treatment. 
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Figure 12. The median resp rout length found on lm of branch of each congeneric pair. 
Error bars indicate the mean maximum resp rout length. (a) 1cm stem diameter treatment, 
(b) 3cm stem diameter treatment.*** P < 0.05 
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Data for forest and savanna species show a triangular relationship between tree height 
and the number of resprouts for both the 1cm and 3cm treatments (Figure 14). Taller trees 
have few resprouts whereas short trees are variable. Savanna trees are predominantly shorter 
with a higher number of resprouts, whereas the taller forest trees have less (Figure 13). The 
quantile regressions show savanna sprouting ability having a stronger negative relationship 
than forests (Figure 14). Forest trees maintain the ability to resprout in larger size classes where 
















Figure 13. The mean tree height of the forest and savanna species of each congeneric pair. 
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Figure 14. Relationshi12 between tree height and the number of res12routs found on lm of 
branch of each congeneric 12air. (a} 1cm stem diameter treatment (b} 3cm stem diameter 
treatment. Dotted line and solid line indicate Forest and Savanna regressions 
res12ectively. 
1cm Savanna: y = -2.857x + 36.429, Std. Error= 10.666, t value = 3.416, Pr (> It I) = 0.001, 
1cm Forest: y = -1.412x + 20.647, Std. Error = 2.463, t value= 8.384, Pr(> It I)< 0.0001. 
3cm Savanna: y = -4x + 44.0, Std. Error= 12.218, t value = 3.6014, Pr(> It I) = 0.001, 
3cm Forest: y = -1.143x + 23.571, Std. Error= 4.498, t value= 5.241, Pr(> ltl) < 0.0001. 
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Discussion 
A fire in the Hluhluwe-iMfolozi Park on the 7th November 2004 (M. Waldram, pers 
comm.), caused the death of large trees within the Phindisweni Forest (pers observation). Char 
height observations within the forest indicate ~hat the flames were approximately lin high at 
most (W. Bond, pers comm.): Despite the low intensity of this surface fire, large trees with thick 
bark, such as Protorhus longifolia and Ekebergia capensis, died or resprouted basally (J. 
Midgley, unpublished data). The canopy scorch from this low intensity fire · was adequate 
disturbance to cause the death of these adult forest trees, whereas in savannas, adult trees can 
recover their canopies after scorching through epicormic resprouting (Browne, Unpublished; 
Bond and Midgley, 200~). This study explored two of the possible mechanisms for this 
difference in crown resprouting following canopy scorch: (1) differences in bud banks and their 
insulation, (2) differences in the vulnerability to disruption of the hydraulic system by heat 
scorch. 
Savanna trees have thicker bark than forest trees 
In most congeneric pairs, the savanna species display a significantly greater bark 
thickness at a 1cm diameter. Essentially, savanna species invest in thicker bark for canopy 
shoots than forest species to increase resistance to fire. This can be seen in the stem 
architecture measurements where the profiles of the saval"'!na species show greater rates of 
increase in stem diameter than their congeneric counterparts. Investment in defence is known 
to be a trade-off against increase in size (Jackson et al, 1999; Hoffman et al, 2003; Archibald and 
Bond, 2003), which could explain the delay in investment by forest trees. The ability to 
outcompete neighbouring plants for light is a vital trait for forest species (Jackson et al, 1999). 
Compromising on the rate of growth for increased defence is an unnecessary precaution for 
species subject to an infrequent fire regime (Jackson et al, 1999, Archibald and Bond, 2003). 
Savanna trees on the other hand, do not compete for light (Archibald and Bond, 2003); instead, 
they experience regular burns (Hoffman et . al, 2009) which most likely selects for the 
investment in structural "defence" in the juvenile stage and insulation of the buds in the adult 
stage. 
22 
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Viable bud banks 
The greater insulation of tissues by savanna species is particularly evident in Figure 10. If 
vulnerability, and· hence canopy die back, depends on absolute bark thickness, savanna species 
with the exception of Combretum molle, will lose less of their canopy compared to forest 
species from a uniform fire . intensity. For both Englerophytum natalense and Dombeya 
burgessii, not one individual reached a diameter with a 'safe' absolute bark thickness. If the 
mechanism for crown resprouting following canopy scorch is the presence of a viable bud bank; 
. . 
we would expect to see differences in the number of resprouts between the two treatments for 
forest trees. Effectively, forest trees would not have a viable bud bank on thicker branches from 
which to resprout and the greater canopy die back (proposed in Figure 10) would eliminate the 
possibility of recovery. Savanna trees, supposedly, would show a similar capacity for 
resprouting at large and small stem diameters. With the exception of Englerophytum 
magalismontanum, the results from the Mann-Whitney U-tesf show no statistically significant 
decrease in bud banks and sprouting ability from the 1cm to the 3cm stem diameter treatment 
(Appendix 4). Englerophytum magalismontanum shows a decrease in the ability to resprout at 
larger diameters; this could be, in part, due to the timing of the treatment for this particular 
species which was later than the other species. 
Resprouting vigour 
The ability to resprout does not differ consistently between forest and savanna species, 
. , 
contrary to predictions. Combretum mo/le, Rhus pentheti and Acacia karroo show significantly 
greater numbers of resprouts found on a branch . to their respective congeneric forest 
counterparts (Figure 11). No congeneric pair shows a significantly higher number of resprouts 
on the forest species (Appendix 2). There are different strategies in the allocation of resources 
to resprouting; Rhus pentheri, which shows a significantly greater number of resprouts than 
Rhus chirindensis, shows no difference in median resprout length. The Maytenus pair shows the 
opposite of this relationship with a difference in median lengths but not in the number of 
resprouts (Figure 11 and ~igure 12). I hypothesized that savanna species would demonstrate a 
<. 
superior ability, to the congeneric forest species, to recover their canopies by resprouting 
23 
however, this was not the case. Gignoux et al (1997) defined two fire resistance strategies for 
Crossopteryx and Piliostigma. ·one strategy is that of resisting structural damage by fire through 
the defence of above-ground structures. The other is the ability to recover aboveground 
structures by post-burn resprouting. The two strategies proposed by Gignoux et al (1997) 
neglect the importance of the height of individual trees. The resistance strategy refers only to 
defence and not avoidance. In savanna species;.tree height was a limiting factor for the number 
of resprouts of larger individuals whereas for smaller individuals; resprouting was controlled by 
a multitude of factors (Figure 14). For forest trees, the same negative relationship was observed 
although not as pronounced (Figure 14).The importance of resprouting as a recovery strategy 
decreases with larger individuals (Midgley, 1996). 
Vulnerability to hydraulic failure 
Balfour and Midgley (2006) showed that the death of canopy buds is insufficient to 
cause tree death of Acacia karroo and propose heat-induced damage to the xylem as a possible 
mechanism for tree death as suggested by Ducrey et al (1996}. The post-fire recovery of trees 
would therefore be influenced by the vulnerability . of the hydraulic system to xylem 
malfunction (Balfour and fylidgley, 2006). Hacke et al (2001) presented a positive relationship 
I I' 
between the reinforcement of conduit walls and the prevention of xylem malfunction. Wood 
density is a reliable predictor of this reinforcement (Hacke et al, 2001), hence its use in this 
study as a measure of vulnerability to hydraulic failure. 
As is the case with resprouting ability; wood density does not differ consistently 
between forest and savanna species (Table 2). With the exception of Acacia, the congeneric 
pairs show a significant difference is wood density between savanna and forest species; 
however the trend is not consistent (Table 2). The Euclea, Combretum, Anacardiaceae and Rhus 
congeneric pairs show.the predicted pattern; _savanna trees have a higher wood density to 
prevent xylem malfunction during heating (Table 2). This is not the case for the Englerophytum, 
Strychnos and Maytenus pairs. Investment in wood density has been shown by Enquist et al 
(1999} to have a negative effect of growth rate. Strychnos henningsii, Englerophytum natalense 
and Maytenus mossambicensis are shade tolerant forest species (Orwa et al, 2009); it is 
24 
possible that the higher wood density is the res.ult of a slower growth rate and not a precaution 
against heat-induced hydraulic failure (Enquist et al, 1999). The greater bark thickness of 
savanna species may be to insulate the xylem vessels and not t~e buds (Balfour and Midgley, 
2006), however this study provides no conclusive evidence of differences in the relationship 
between bark thickness and wood density of congeneric savanna and forest species (Figure 7). 
Conclusions 
The proposal of two mechanisms for the differences in forest and savanna crown 
recovery after canopy scorch is most likely an oversimplification . of a suite of strategies. The 
varied response of the congeneric pairs is a testament to this. Contrary to predictions, there 
was no difference in congeneric forest and savanna species ability to resprout at thicker stem 
diameters. Therefore, provided a forest tree reaches a 'safe' absolute bark thickness, the 
predicted canopy· die back will not influence the presence of a ·bud banks or the ability to 
resprout. The accuracy of this result could be improved by modifying the treatments to remove 
stems at a standardized bark thickness rather than set stem diameters. There are a range of 
responses in terms of resprouting capability and vigour with neither savanna nor forest species 
showing a clear dominance over the other. The greater bark thickness of savanna species may 
insulate xylem vessels instead of the buds and/or the cambium. The wood density 
measurements were inconclusive, the influence of life history traits, such as shade tolerance in 
some forest species, may affect the integrity of wood density as a measurement of vulnerability 
to heat-induced hydraulic failure. 
( 
Some savanna species, such as Combretum mo/le and Rhus pentheri, show significantly 
greater bark thickness, resprouting ability and wood density than their respective congeneric 
forest counterparts. However, these simulated crown scorch results require empirical evidence 
of congeneric forest-savanna species recovery or mortality following crown scorch to validate 
the predicted responses. 
25 
Acknowledgements 
This project would not have been possible without the logistical support and hours of fieldwork 
by both Julia Wakeling and Mark Ghaui. I would also like to thank Phumlani, Redfus and Eric, 
whose experience in the field and sharp. memories m~de the fieldwork an enjoyable event. 
Thank you to my parents for assisting with accommodation and travel arrangements. I would 
like to extend my thanks to the anonymous good Samaritans in lthala Game Reserve whose 
donation towards petrol saved two stranded researchers. Thank you to Glenn, Emma, Greg, 
Brendan and She~na whom I could rely upon to answer my asinine statistical queries without 
ridicule. Thank you to A/Prof. Jeremy Midgley for the use of his data and helpful dis·cussions 
and commentary. Thank you to the National Research Foundation (NRF) and the University of 
Cape Town for the bursaries. Thank you to Professor William Bond, firstly for funding this 
project, and secondly, for the enthusiasm in the field and insightful supervision of this project 
~hich motivated my work. 
26 
References 
ARCHIBALD, S. AND BOND, W. J. 2003. Growi·ng tall vs growing wide: tree architecture and 
allometry of Acacia karroo in forest, savanna, and arid environmen~s. OIKOS 102: 3-14. 
BALFOUR, D. AND MIDGLEY, J. J. 2006. Fire induced stem death in an African Acacia is not 
caused by canopy scorching. Austral Ecology 31: 892-896. 
BURROWS, G. E. 2002. Epicormic st~and structure in Angophora,· Eucalyptus and Lophostemon 
(Myrtaceae) -: implications for fire resistance and recovery. New Phytologist 153(1): 
111-131. 
BOND, W. J. AND MIDGLEY, J. J. 2001. The persistence _niche: ecology of sprouting in woody 
plants. r;ends in Research in Ecology and Evolution 16: 45-51. 
BOND, W. J. AND VAN WILGEN, B. W. 1996. Fire and Plants (Population and Community Biology 
Series 14), Chapman & Hall, London. 
BROWNE, C. Unpublished. The burning questions about Hluhluwe: Causes and consequences of 
a severe wildfire. 
COCHRANE, M. A. Fire science for Rainforests. Nature 421: 913-919. 
CORNELISSEN, J. H. C., LAVOREL, S., GARNIER, E., DIAZ, S., BUCHMANN, N., GURVICH, D. E., 
REICH, P. B., TER STEEGE, H., MORGAN, H. D., VAN DER HEIJDEN, M. G. A., PAUSAS, J. 
G. AND POORTER, H. 2003. A handbook of protocols for standardised and easy 
measurement of plant functional traits worldwide. Australian Journal of Botany 51: 
335-380. 
,. 
DUCREY, M., DUHOUX, F., HUC, R. AND RIGOLOT, E. 1996. The ecophysiological and growth 
responses of Aleppo pine (Pinus halepensis) to controlled heating applied to base of 
trunk. Canadian Journal of Forest Research 26: 1366-1374. In MIDGLEY, J. J., KRUGER, 
L. M. AND SKELTON, R. In Press. · How do fires kill plants? The hydraulic death 
hypothesis and Cape Proteaceae "fire-resisters". South African Journal of Botany. 
27 
ENQUIST B. J., WEST G. B., CHARNOV E. L. AND BROWN J. H. 1999. Allometric scaling of 
production and life-history variation in vascular plants. Nature 401: 907-911. 
FELSENSTEIN, J. 1985. Phylogenies and the comparative method. American Naturalist 125: 1-
15. 
GIGNOUX, J., CLOBERT, J. AND MENAUT, J-C. 1997. Alternative fire resistance strategies in 
savanna trees. Oecologia 110: 576-583. 
HACKE U. G., SPERRY J. S., POCKMAN W. P., D~VIS S. D. AND MCCULLOH K. A. 2001. Trends in 
wood density and structure are linked to prevention of xylem implosion by negative 
pressure. Oecologia 126: 457-461. 
HOFFMANN, W. A., ADASME, R., HARIDASAN, l\'1., DE CARYALHO, M. T., GEIGER, E. L., PEREIRA, 
M. A. B., GOTSCH, S. G. AND FRANCO, A. C. 2009. Tree topkill, not mortality, governs 
the dynamics of savanna - forest boundaries under frequent fire in central Brazil. 
Ecology 90(5): 1326-1337. 
HOFFMANN, W. A., ORTHEN, B. AND NASCIMENTO, P. K. V. 2003. Comparative fire ·ecology of 
tropical savanna and forest trees. Functional Ecology 17: 72~726. 
HOFFMANN, W. A., ORTHEN, B. AND FRANCO, A. C. 2004. Constraint~ to seedling success of 
savanna and forest trees across a savanna-forest boundary. Oecologia 140: 252-260. 
HOFFMANN, W. A. AND SOL.BRIG, 0. T. 2003. The role of topkill in the differential response of 
savanna woody species to fire. Forest Ecology and Management 180: 273-86. 
JACKSON, J. E., ADAMS, D. C. AND JACKSON, U. B. 1999. Allometry of constitu'tive defence: a 
model and a comparative test with tree bark and fire regime. American Naturalist 153: 
614-632. 
KEITH, D. A., TOZER, M. G., REGAN, T. J. AND REGAN, H. M. 2007. The persistence niche: what 
makes it and w_hat breaks· it for two fire-prone plant species. Australian Journal of 
Botany 55: 273-279. 
28 
' .;i ' 
LONGMAN, K. A. AND JENIK, J. 1992. Forest-savanna boundaries: general considerations. 
Nature and Dynamics of Forest-Savanna Boundaries (eds P.A. Furley, J. Proctor & J.A. 
Ratter), pp. 3-20. Chapman and Hall, London. 
MIDGLEY, J. J., 1996. Why the world's vegetation is not completely dominated by resprouting 
plants: Because resprouters are shorter than reseeders. Ecography 19(1): 92-95. 
MIDGLEY, J. J., KRUGER, L. M. AND SKELTON, R. In Press. How do fires kill plants? The hydraulic 
·death hypothesis and Cape Proteaceae "fire-resisters". South African Journal of 
Botany. 
MIDGLEY, J. J., LAWES, M. J. AND CHAMAILLE-JAMMES, S. 2010. Savanna woody plant 
dynamics: the role of fire and herbivory, separately and synergistically. Australian 
Journal of Botany 58: 1-:11. 
ORWA, C., MUTUA, A., KINDT, R., JAMNADASS, R. AND SIMONS A. 2009. Agroforestree 
Database: a tree reference and selection guide version 4.0 
(www.worldagroforestry.org/af/treedb/). 
REIFSNYDER, W. E., HERRINGTON, L. P. AND SPALT, K. W. 1967. Thermophysical properties of 
bark of shortleaf, longleaf, and red pine. Yale University School of Forestry Bulletin 70. 
In JACKSON, J. E., ADAMS, D. C. AND JACKSON, U. B. 1999. Allometry of constitutive 
defence: a model and a comparative test with tree bark and fire regime. American 
Naturalist 153: 614-632. 
Statsoft, inc. 2009. STATISTICA (Data Analysis Software System), Version 9.0. www.statsoft.com 
R Development Core Te_am. 2010. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL 
http://www.R-project.org. 
29 
A
p
p
en
d
ix
 1
 
Ta
bl
e 
3.
 L
ea
st
 S
qu
a
re
s 
R
eg
re
ss
io
n 
st
at
is
tic
s 
fo
r 
th
e
 r
e
la
tio
n
sh
ip
 b
e
tw
e
e
n
 b
ar
k 
th
ic
kn
es
s 
an
d 
st
em
 d
ia
m
e
te
r 
fo
r 
sa
va
nn
a 
an
d 
fo
re
st
 p
ai
rs
. 
R
eg
re
ss
io
n 
E
qu
at
io
n 
R2
 
n 
p
 
df
 
Fo
re
st
 S
pe
ci
es
 
S
av
an
na
 S
pe
ci
es
 
· 
Fo
re
st
 
S
av
an
na
 
Fo
re
st
 
S
av
an
na
 
Fo
re
st
 
S
av
an
na
 
Fo
re
st
 
S
av
an
na
 
,, 
. 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
D
o
m
b
e
ya
 
y 
=
 0.7
98
8x
 -
0.
86
85
 
y 
=
 0.
69
69
x 
-
0
.0
32
9 
0.
44
 
0.
31
 
30
 
30
 
0.
00
01
 
0.
00
17
 
1.
28
 
1.
28
 
E
uc
le
a 
y 
=
 0.
62
08
x 
-
0.
67
71
 
y 
=
 0.7
57
4x
 -
0
.0
36
7 
0.
42
 
0.
87
 
30
 
30
 
0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1.
28
 
C
o
m
b
re
tu
m
 
y 
=
 0.
24
62
x 
-0
.1
78
7 
y 
=
 0.7
39
4x
 -
0
.2
52
7 
0.
40
 
0.
71
 
30
 
30
 
0.
00
02
 
<
 0
.0
00
1 
1.
28
 
1.
28
 
A
n
a
ca
rd
ia
ce
a
e
 
y 
=
 0.7
99
6x
 -
0.
12
07
 
y 
=
 0.7
15
9x
 -
o.
~
43
5 
0.
90
 
0.
52
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1.
28
 
R
hu
s 
y 
=
 0.
95
84
x 
-0
.7
89
9 
y 
=
 0.
57
8
1x
 +
 0
.0
22
7 
0.
74
 
0.
51
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1.
28
 
A
ca
ci
a 
y 
=
 0.8
51
x 
-0
.1
1 
y 
=
 1.1
81
7x
 -
0.
17
21
 
0.
78
 
0.
80
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1.
28
 
E
n
g
le
ro
p
h
yt
u
m
 
y 
=
 0.
11
97
x 
-0
.0
29
 
y 
=
 0.3
87
x 
+
 0
.2
34
 
0.
13
 
0
.8
3 
30
 
30
 
0.
05
24
 
<
0.
00
01
 
1.
28
 
1.
28
 
S
tr
yc
h
n
o
s 
y 
=
 0.7
12
3x
 -
0
.1
28
6 
y 
=
 0.3
29
2x
 +
 0
.0
70
6 
0.
85
 
0.
68
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1.
28
 
M
ay
te
n
u
s 
y 
=
 0.
59
23
x 
-0
.1
25
7 
y 
=
 0.
51
26
x 
+
 0
.2
24
9 
0.
55
 
0.
70
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1.
28
 
A
ll 
Tr
ee
s 
y 
=
 0.
62
27
x 
-
0.
33
65
 
y 
=
 0.5
79
8x
 +
 0
.0
10
1 
0.
39
 
0.
47
 
27
0 
27
0 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
26
8 
1.
26
8 
30
 
A
p
p
en
d
ix
 2
.1
 
T
ab
le
 4
a.
 M
an
n
-W
h
itn
e
y 
U
-t
es
t s
ta
tis
tic
s 
o
f m
u
lti
p
le
 v
ar
ia
bl
es
 f
o
r 
sa
va
nn
a 
an
d 
fo
re
st
 p
ai
rs
. 
D
o
m
b
ey
a 
E
u
cl
ea
 
C
o
m
b
re
tu
m
 
,, 
F
o
re
st
 
S
av
an
n
a 
2-
ta
il
ed
 
F
o
re
st
 
S
av
an
na
' 
2
-t
a
il
e
d
 
F
o
re
st
 
S
av
an
na
' 
2
-t
a
il
e
d
 
M
e
a
n
 
M
e
a
n
 
u 
p
 
M
e
a
n
 
M
e
a
n
 
u 
p 
M
e
a
n
 
M
e
a
n
 
u 
p
 
R
an
k 
R
an
k 
Z
 s
co
re
 
R
an
k 
R
an
k 
Z
 s
co
re
 
R
an
k 
R
an
k 
Z
 s
co
re
 
1c
m
 B
ar
k 
. "
 
T
hi
ck
ne
ss
 (
m
m
) 
6
6
.5
' 
14
3.
5 
11
.5
 
-2
.9
21
26
 
0.
00
35
 
60
.0
 
15
0.
0 
5
.0
 
-3
.4
18
29
 
0.
00
06
 
10
2.
5 
10
7.
5 
47
.5
 
-0
.1
53
63
 
0.
87
79
 
3c
m
 B
ar
k 
55
.0
 
15
5.
0 
0.
0 
-3
.7
47
49
 
0.
00
02
 
55
.0
 
15
5.
0 
0.
0 
-3
.7
63
13
 
0.
00
02
 
8
0
.0
 
13
0.
0 
25
.0
 
-1
.8
71
12
 
0.
06
13
 
T
hi
ck
ne
ss
 (
m
m
) 
lm
T
ru
n
k
 
R
el
at
iv
e 
B
ar
k 
55
.0
 
15
5.
0 
0
.0
 
-3
.7
41
85
 
0.
00
02
 
55
.0
 
15
5.
0 
0.
0 
-3
.7
43
26
 
0.
00
02
 
57
.0
 
15
3.
0 
2.
0 
-3
.5
90
66
 
0.
00
03
 
T
hi
ck
ne
ss
 
5c
m
 S
te
m
 
15
5.
0 
55
.0
 
0.
0 
3.
86
90
3 
0.
00
01
 
10
2.
0 
10
8.
0 
4
7
.0
 
-0
.1
99
12
 
0.
84
22
 
14
1.
0 
69
.0
 
14
.0
 
2.
94
01
2 
0.
00
33
 
d
ia
m
e
te
r
. 
20
cm
 S
te
m
 
13
8.
5 
71
.5
 
16
.5
 
2.
58
14
3 
0.
00
98
 
14
0.
0 
70
.0
 
15
.0
 
2.
66
88
5 
0.
00
76
 
11
9.
5 
90
.5
 
35
.5
 
1.
08
77
3 
0.
27
67
 
d
ia
m
e
te
r 
10
0c
m
 S
te
m
 
55
.0
 
15
5.
0 
0.
0 
-3
.7
48
90
 
0.
00
02
 
10
3.
0 
10
7.
0 
48
.0
 
-0
.1
14
56
 
0.
90
88
 
84
.0
 
12
6.
0 
29
.0
 
-1
.5
55
51
 
0.
11
98
 
d
ia
m
e
te
r 
1
cm
 N
u
m
b
e
r o
f 
72
.0
 
9
9
.0
 
27
.0
 
-1
.1
50
30
 
0
.2
50
0 
10
5.
0 
85
.0
 
30
.0
 
1.
19
44
4 
0.
23
23
 
71
.5
 
13
8.
5 
1
6.
5 
-2
.5
23
18
 
0
.0
11
6 
R
es
p 
ro
u
ts
 
3
c
m
 N
u
m
b
e
r 
o
f 
99
.0
 
11
1.
0 
44
.0
 
-0
.4
16
54
 
0.
67
70
 
10
9.
0 
10
1.
0 
46
.0
 
0.
27
13
9 
0.
78
61
 
71
.0
 
13
9.
0 
1
6.
0 
-2
.5
70
33
 
0.
01
02
 
R
es
p 
ro
u
ts
 
1c
m
 N
u
m
b
e
r 
o
f 
F
u
n
ct
io
n
in
g
 
81
.5
 
89
.5
 
36
.5
 
-0
.3
10
83
 
0.
75
59
 
10
8.
5 
81
.5
 
26
.5
 
1.
48
47
5 
0.
13
76
 
77
.5
 
13
2.
5 
22
.5
 
-2
.0
78
06
 
0.
03
77
 
B
ud
s 
3c
m
 N
u
m
b
e
r 
o
f 
F
u
n
ct
io
n
in
g
 
10
7.
5 
1
0
2.
5 
47
.5
 
0.
15
25
1 
0.
87
88
 
10
3.
0 
10
7.
0 
48
.0
 
-0
.1
16
40
 
0.
90
73
 
72
.0
 
13
8.
0 
· 
1
7
.0
 
-2
.4
94
57
 
0.
01
26
 
B
ud
s 
· l
c
m
T
o
ta
l 
90
.0
 
12
0.
0 
3
5
.0
 
-1
:0
97
75
 
0.
27
23
 
11
9.
0 
91
.0
 
1.
02
82
6 
0.
30
38
 
69
.5
 
14
0.
5 
14
.5
 
-2
.6
47
74
 
0.
00
81
· 
R
es
p
ro
u
t 
L
en
g
th
 
36
.0
 
3
c
m
 T
o
ta
l 
10
9.
0 
10
1.
0 
4
6
.0
 
0.
26
45
8 
0.
79
13
 
11
2.
0 
98
.0
 
4
3
.0
 
0.
50
20
4 
0.
61
56
 
76
.0
 
13
4.
0 
21
.0
 
-2
.1
71
61
 
0
.0
29
9 
R
es
p
ro
u
t 
L
en
g
th
 
-
31
 
A
p
p
en
d
ix
 2
.2
 
Ta
b
le
 4
b.
 M
a
n
n
-W
h
itn
e
y 
U
-t
e
st
 s
ta
tis
tic
s 
o
f m
u
lti
p
le
 v
ar
ia
bl
es
 f
o
r 
sa
va
nn
a 
an
d 
fo
re
st
 p
ai
rs
. 
A
n
ac
ar
d
ia
ce
ae
 
R
hu
s 
A
ca
ci
a 
F
o
re
st
 
S
av
an
n
a 
2-
ta
il
ed
 
F
o
re
st
 
S
av
an
n
a 
2
-t
a
il
e
d
 
F
o
re
st
 
S
av
an
n
a 
2-
ta
il
ed
 
. 
M
e
a
n
 
M
e
a
n
 
,U
 
Z
 s
co
re
 
p 
M
e
a
n
 
M
e
a
n
 
u 
p 
M
e
a
n
 
M
e
a
n
 
u 
Z
 s
co
re
 
p 
· 
R
an
k 
R
an
k 
R
an
k 
R
an
k 
Z
 s
co
re
 
R
an
k 
R
an
k 
" 
1c
m
 B
ar
k 
10
0.
0 
11
0.
0 
45
.0
 
-0
.3
50
60
 
0.
72
59
 
60
.5
 
14
9.
5 
5.
5 
-3
.4
06
43
 
0.
00
07
 
96
.5
 
11
3.
5 
41
.5
 
-0
.6
43
67
 
0.
51
98
 
T
hi
ck
ne
ss
 (m
m
) 
3c
m
 B
ar
k 
12
5.
0 
85
.0
 
30
.0
 
1.
47
90
7 
0.
13
91
 
55
.0
 
15
5.
0 
0.
0 
-3
.7
96
48
 
0.
00
01
 
90
.0
 
12
0.
0 
35
.0
 
-1
.1
32
90
 
0.
25
73
 
T
hi
ck
ne
ss
 (
m
m
) 
lm
 T
ru
n
k 
R
e
la
tiv
e
 
12
7.
0 
83
.0
 
28
.0
 
1.
62
52
5 
0.
10
41
 
12
7.
0 
83
.0
 
28
.0
 
1.
62
52
5 
0.
10
41
 
88
.0
 
12
2.
0 
33
.0
 
-1
.2
47
28
 
0.
21
23
 
B
ar
k 
T
hi
ck
ne
ss
 
5c
m
 S
te
m
 
11
1.
5 
98
.5
 
43
.5
 
0.
45
75
3 
0.
64
73
 
15
5.
0 
55
.0
 
0
.0
 
3.
82
77
1 
0.
00
01
 
12
4.
0 
86
.0
 
31
.0
 
· 1
.4
64
36
 
0
.1
43
1 
d
ia
m
e
t'e
r 
20
cm
 S
te
m
 
12
4.
0 
86
.0
 
31
.0
 
1.
41
45
1 
0.
15
72
 
14
9.
0 
61
.0
 
6.
0 
3
.3
31
15
 
0.
00
09
 
88
.5
 
12
1.
5 
33
.5
 
-1
.2
57
69
 
0.
20
85
 
d
ia
m
e
te
r 
1
0
0
c
m
 S
te
m
 
84
.5
 
12
5.
5 
29
.5
 
-1
.5
26
27
 
0.
12
69
 
8
4.
0 
12
6.
0 
29
.0
' 
-1
.5
54
34
 
0.
12
01
 
88
.0
 
12
2.
0 
33
.0
 
-1
.2
52
47
 
0.
21
04
 
d
ia
m
e
te
r 
1c
m
 N
u
m
b
e
r 
o
f 
82
.0
 
12
8.
0 
27
.0
 
-1
.7
23
01
 
0.
08
49
 
69
.5
 
14
0.
5 
14
.5
 
-2
.6
57
77
 
0
.0
07
9 
79
.5
 
13
0.
5 
24
.5
 
-2
.0
69
57
 
0.
03
85
 
R
es
p 
ro
u
ts
 
3c
m
 N
u
m
b
e
r 
o
f 
10
4.
0 
10
6.
0 
49
.0
 
-0
.0
38
44
 
0.
96
93
 
57
.5
 
15
2.
5 
2.
5 
-3
.5
60
91
 
0.
00
04
 
81
.5
 
12
8.
5 
26
.5
 
-1
.7
98
45
 
0.
07
21
 
R
es
p
ro
u
ts
 
1c
m
 N
u
m
b
e
r 
o
f 
80
.5
 
12
9.
5 
25
.5
 
-1
.8
32
93
 
0
.0
66
8 
70
.5
 
13
9.
5 
15
.5
 
-2
.5
87
73
 
0.
00
97
 
82
.0
 
12
8.
0 
27
.0
 
-1
.8
61
78
 
0.
06
26
 
F
u
n
ct
io
n
in
g
 B
u
d
s 
3c
m
 N
u
m
b
e
r 
o
f 
10
3.
5 
. 
10
6.
5 
48
.5
 
-0
.0
77
24
 
0.
93
84
 
59
.0
 
15
1.
0 
4.
0 
-3
.4
49
87
 
0.
00
06
 
79
.0
 
13
1.
0 
24
.0
 
-1
.9
93
14
 
0.
04
62
 
F
u
n
ct
io
n
in
g
 B
u
d
s 
lc
m
T
o
ta
l 
12
3.
5 
86
.5
 
31
.5
 
1.
36
11
8 
0.
17
35
 
83
.5
 
12
6.
5 
28
.5
 
-1
.5
93
45
 
0.
11
11
 
81
.0
 
12
9.
0 
26
.0
 
-1
.9
44
52
 
0.
05
18
 
R
es
p
ro
u
t 
L
en
g
th
 
3
c
m
T
o
ta
l 
11
6.
0 
94
.0
 
39
.0
 
0.
80
43
8 
0.
42
12
 
66
.0
 
14
4.
0 
11
.0
 
-2
.9
10
33
 
0.
00
36
 
78
.5
 
13
1.
5 
23
.5
 
-2
.0
30
58
 
0
.0
42
3 
R
es
p
ro
u
t 
L
en
g
th
 
32
 
A
p
p
en
d
ix
 2
.3
 
T
ab
le
 4
c.
 M
a
n
n-
W
h
itn
e
y 
U
-t
e
st
 s
ta
tis
ti
cs
 o
f m
u
lt
ip
le
 v
ar
ia
bl
es
 f
o
r 
sa
va
nn
a 
an
d 
fo
re
st
 p
ai
rs
. 
E
n
g
le
ro
p
h
yt
u
m
 
S
tr
yc
h
n
o
s 
M
a
y
te
n
u
s
 
F
o
re
st
 
S
av
an
n
a 
2-
ta
il
ed
 Z
 
F
o
re
st
 
S
av
an
n
a 
2-
ta
ile
d
 Z
 
F
o
re
st
 
S
av
an
n
a 
2
-t
ai
le
d
 
M
e
a
n
 
M
e
a
n
 
u 
p 
M
e
a
n
 
M
e
a
n
 
u 
p 
M
e
a
n
 
M
e
a
n
 
u 
. 
p 
R
an
k 
R
an
k 
sc
o
re
 
R
an
k 
R
an
k 
sc
o
re
 
R
an
k 
R
an
k 
Z
s
c
o
re
 
1c
m
 B
ar
k 
60
.0
 
15
0.
0 
5.
0 
-3
.3
84
30
. 
T
hi
ck
ne
ss
 (
m
m
) 
0.
00
07
 
74
.5
 
13
5.
5 
19
.5
 
-2
.3
04
47
 
0.
02
12
 
69
.0
 
14
1.
0 
14
.0
 
-2
.6
91
66
 
0.
00
71
 
3c
m
 B
ar
k 
55
.0
 
15
5.
0 
0.
0 
-3
.7
60
27
 
T
hi
ck
n
es
s 
(m
m
) 
0.
00
02
 
86
.0
 
12
4.
0 
31
.0
 
-1
.4
02
69
 
0.
16
07
 
55
.5
 
15
4.
5 
0.
5 
-3
.7
12
44
 
0.
00
02
 
lm
T
ru
n
k
 
R
el
at
iv
e 
B
ar
k 
63
.0
 
14
7.
0 
8.
0 
-3
.1
38
29
 
0.
00
17
 
15
3.
0 
57
.0
 
2.
0 
3.
59
06
6 
0.
00
03
 
57
.0
 
15
3.
0 
2.
0 
-3
.5
90
66
 
0.
00
03
 
T
hi
ck
ne
ss
 
5c
m
 S
te
m
 
57
.0
 
15
3.
0 
2.
0 
d
ia
m
e
te
r 
-3
.6
00
15
 
0.
00
03
 
62
.5
 
14
7.
5 
7.
5 
-3
.1
80
89
 
0.
00
15
 
10
7.
5 
10
2.
5 
47
.5
 
0.
15
21
0 
0.
87
91
 
20
cm
 S
te
m
 
59
.0
 
15
1.
0 
4.
0 
-3
.4
45
96
 
0.
00
06
 
71
.0
 
13
9.
0 
16
.0
 
-2
.5
34
27
 
0.
01
13
 
70
.5
 
13
9.
5 
15
.5
 
-2
.5
8
18
3 
0.
00
98
 
d
ia
m
e
te
r 
10
0c
m
 S
te
m
 
56
.0
 
15
4.
0 
1.
0 
-3
.6
71
78
 
0.
00
02
 
-3
.7
43
26
 
0.
00
02
 
d
ia
m
e
te
r 
63
.0
 
14
7.
0 
8.
0 
-3
.1
37
11
 
0.
00
17
 
55
.0
 
15
5.
0 
0
.0
 
1c
m
 N
u
m
b
e
r 
o
f 
91
.5
 
11
8.
5 
36
.5
 
-1
.0
23
96
 
0.
30
59
 
99
.0
 
11
1.
0 
11
9.
0 
36
.0
 
-1
.0
58
60
 
0.
28
98
 
R
es
p 
ro
u
ts
 
44
.0
 
-0
.6
68
79
 
0.
50
36
 
91
.0
 
3c
m
 N
u
m
b
e
r 
o
f 
12
2.
5 
87
.5
 
32
.5
 
1.
58
89
0 
0.
11
21
 
95
.0
 
32
.0
 
-1
.3
48
47
 
0.
17
75
 
R
es
p
ro
u
ts
 
11
5.
0 
40
.0
 
-1
.3
80
32
 
0.
16
75
 
87
.0
 
12
3.
0 
1c
m
 N
u
m
b
e
r 
o
f 
F
u
n
ct
io
n
in
g
 
91
.5
 
11
8.
5 
36
.5
 
-1
.0
23
96
 
0.
30
59
 
99
.0
 
11
1.
0 
44
.0
 
-0
.6
68
79
 
0.
50
36
 
90
.0
 
12
0.
0 
35
.0
 
-1
.1
3
65
5 
0.
25
57
 
B
ud
s 
3c
m
 N
u
m
b
e
r 
o
f 
F
u
n
ct
io
n
in
g
 
12
2.
5 
87
.5
 
32
 .. 5
 
1.
58
89
0 
0.
11
21
 
95
.0
 
11
5.
0 
40
.0
 
-1
.3
80
32
 
0.
16
75
 
87
.5
 
12
2.
5 
32
.5
 
-1
.3
1
04
5 
0.
19
00
 
B
ud
s 
1c
m
 T
o
ta
l 
10
6.
0 
10
4.
0 
49
.0
 
0.
03
90
7 
0.
96
88
 
10
1.
0 
10
9.
0 
11
6.
5 
38
.5
 
-0
.8
59
09
 
0.
39
03
 
R
es
p
ro
u
t 
L
en
g
th
 
46
.0
 
-0
.4
25
59
 
0
. 6
70
4 
93
.5
 
3c
m
 T
o
ta
l
. 
12
5.
5 
84
.5
 
29
.5
 
1.
86
39
4 
0.
06
23
 
95
.0
 
11
5.
0 
40
.0
 
-1
.3
78
40
 
0.
16
81
 
79
.0
 
13
1.
0 
24
.0
 
-1
.9
53
49
 
0.
05
08
 
R
es
p
ro
u
t 
L
en
g
th
 
33
 
A
p
p
en
d
ix
 3
 
Ta
bl
e 
5.
 L
ea
st
 S
qu
ar
es
 R
eg
re
ss
io
n 
st
at
is
tic
s 
fo
r 
th
e
 r
e
la
tio
n
sh
ip
 b
e
tw
e
e
n
 t
h
e
 d
is
ta
nc
e 
fr
o
m
 t
h
e
 s
h
o
o
t t
ip
 a
nd
 s
te
m
 d
ia
m
e
te
r f
o
r 
sa
va
nn
a 
an
d 
fo
re
st
 p
ai
rs
. 
R
eg
re
ss
io
n 
E
q
u
a
tio
n
 
R2
 
N
 
p
 
d
f 
F
or
es
t S
pe
ci
es
 
S
av
an
na
 S
pe
ci
es
 
Fo
re
st
 
S
av
an
na
 
Fo
re
st
 
S
av
an
na
 
Fo
re
st
 
S
av
an
na
 
Fo
re
st
 
S
av
an
na
 
.. 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
S
pe
ci
es
 
D
om
be
ya
 
y=
0
.0
07
7x
 +
 0
.5
58
3 
y 
=
 0
.0
26
6x
 +
 0
.0
01
 
0
.7
6
 
0
.8
6
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1
.2
8
 
E
uc
le
a 
y 
=
 0
.0
16
3x
 +
 0
.0
73
6 
y 
=
 0
.0
15
9x
 -
0.
01
54
 
0.
78
 
0
.9
7
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1.
28
 
C
o
m
b
re
tu
m
 
y 
=
 0
.0
08
6x
 +
 0
.2
15
 
y 
=
 0
.0
12
7x
 +
 0
.0
68
6 
0.
75
 
0
.8
6 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1
.2
8
 
1
.2
8
 
A
na
ca
rd
ia
ce
ae
 
y 
=
 O
.O
H
3
x 
+
 0
.8
41
 
y 
=
 0
.0
25
7x
 +
 0
.5
87
9 
0.
82
 
0.
61
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1
.2
8
 
R
hu
s 
y 
=
 0.0
12
x 
+
 0
.2
05
7 
y 
=
 0
.0
17
3x
 -
0.
05
62
 
0.
87
 
0.
90
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1
.2
8
 
A
ca
ci
a 
y 
=
 0.0
14
x 
+
 0
.1
32
3 
y 
=
 0.0
16
4x
 +
 0
.1
18
2 
0.
87
 
0.
88
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1
.2
8
 
E
n
g
le
ro
p
h
yt
u
m
 
y 
=
 0.0
08
7x
 +
 0
.1
76
9 
y 
=
 0.0
21
5x
 +
 0
.4
4
8
 
0
.8
0
 
0.
81
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1
.2
8
 
S
tr
yc
hn
os
 
y 
=
 0.0
08
x 
+
 0
.1
62
3 
y 
=
 0
.0
12
9x
 +
 0
.3
40
1 
0.
65
 
0.
83
 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1
.2
8
 
M
a
yt
e
n
u
s 
y 
=
 0.0
09
3x
 +
 0
.1
11
9 
·Y
 =
 0.0
20
3x
 +
 0
.0
73
8 
0.
83
 
0
.9
5 
30
 
30
 
<
 0
.0
00
1 
<
 0
.0
00
1 
1.
28
 
1
.2
8
 
34
 
v 
A
p
p
en
d
ix
 4
.1
 
T
ab
le
 6
a.
 M
a
n
n
-W
h
itn
e
y 
U
-t
es
t s
ta
tis
tic
s 
o
f d
iff
er
en
ce
s 
in
 r
es
pr
ou
tin
g 
ca
pa
bi
lit
y 
be
tw
ee
n 
th
e
 1
cm
 a
nd
 3
cm
 t
re
a
tm
e
n
ts
 f
o
r 
sa
va
nn
a 
an
d 
fo
re
st
 s
pe
ci
es
. 
D
o
m
b
ey
a 
b
u
rg
es
si
i 
D
o
m
b
ey
a 
ro
tu
n
d
if
o
li
a 
1c
m
 
3c
m
 
1c
m
 
3c
m
 
R
an
k 
R
an
k 
2-
ta
il
ed
 
R
an
k 
R
an
k 
2-
ta
il
ed
 
S
u
m
 
S
u
m
 
u 
Z
 s
co
re
 
p
 
S
um
 
S
u
m
 
u
 
Z
 s
co
re
 
p
 
N
u
m
b
e
r 
o
f 
R
es
p
ro
u
ts
 
-
85
.0
 
. 
10
5.
0 
40
.0
 
-0
.3
69
 
0.
71
2 
92
.0
 
98
.0
 
43
.0
 
0.
12
3 
0.
90
2 
N
u
m
b
e
r 
o
f 
F
u
n
ct
io
n
in
g
 B
ud
s 
· 
96
.5
 
93
.5
 
38
.5
 
0.
49
3 
0.
62
2 
98
.0
 
92
.0
 
37
.0
 
0.
61
7 
0.
53
7 
T
o
ta
l 
R
es
p
ro
u
t 
L
en
g
th
 
58
.5
 
13
1.
5 
13
.5
 
-2
.5
32
 
0.
01
1 
92
.0
 
98
.0
 
43
.0
 
0.
12
2 
0.
90
3 
M
e
d
ia
n
 B
ud
 L
en
gt
h 
59
.0
 
13
1.
0 
14
.0
 
-2
.4
93
 
0.
01
3 
87
.5
 
10
2.
5 
42
.5
 
-0
.1
63
 
0.
87
0 
M
a
x
im
u
m
 B
ud
 L
en
gt
h 
67
.0
 
12
3.
0 
22
.0
 
-1
.8
40
 
0.
06
6 
88
.5
 
10
1.
5 
43
.5
 
-0
.0
82
 
0.
93
5 
E
u
cl
ea
 r
ac
em
o
sa
 
E
u
cl
ea
 d
iv
in
o
ru
m
 
1c
m
 
3c
m
 
· 
1c
m
 
3c
m
 
R
an
k 
R
an
k 
2-
ta
il
ed
 
R
an
k 
R
an
k 
2-
ta
il
ed
 
S
um
 
S
u
m
 
u 
Z
 s
co
re
 
p
 
S
um
 
S
u
m
 
u 
Z
 s
co
re
 
p
 
N
u
m
b
e
r 
o
f 
R
es
p
ro
u
ts
 
10
2.
0 
88
.0
 
33
.0
 
0.
95
0 
0.
34
2 
10
8.
5 
10
1.
5 
46
.5
 
0.
23
0 
0.
81
8 
N
u
m
b
e
r 
o
f 
F
u
n
ct
io
n
in
g
 B
ud
s 
10
9.
0 
81
.0
 
26
.0
 
1.
52
7 
0.
12
7 
10
6.
5 
10
3.
5 
48
.5
 
0.
07
7 
0.
93
9 
T
o
ta
l 
R
es
p
ro
u
t L
en
g
th
 
99
.0
 
91
.0
 
36
.0
 
0.
70
0 
0.
48
4 
10
3.
5 
10
6.
5 
48
.5
 
-0
.0
77
 
0.
93
9 
M
e
d
ia
n
 B
ud
 L
en
g
th
 
10
0.
0 
90
.0
 
35
.0
 
0.
78
3 
0.
43
3 
96
.5
 
11
3.
5 
41
.5
 
-0
.6
14
 
0.
53
9 
M
a
x
im
u
m
 B
ud
 L
en
g
th
 
93
.0
 
97
.0
 
42
.0
 
0.
20
6 
0.
83
7 
10
0.
0 
11
0.
0 
45
.0
 
-0
.3
45
 
0.
73
0 
C
o
m
b
re
tu
m
 k
ra
us
si
i 
C
o
m
b
re
tu
m
 m
o
lle
 
1c
m
 
3c
m
 
1c
m
 
3c
m
 
R
an
k 
R
an
k 
2
-t
a
ile
d
 
R
an
k 
R
an
k 
2-
ta
ile
d 
S
um
 
S
um
 
u 
Z
 s
co
re
 
p 
S
um
 
S
um
 
u 
Z
 s
co
re
 
p 
N
u
m
b
e
r 
o
f R
es
pr
ou
ts
 
11
8.
5 
91
.5
 
36
.5
 
1.
01
2 
0.
31
1 
97
.5
 
11
2.
5 
42
.5
 
-0
.5
34
 
0.
59
4 
N
u
m
b
e
r 
o
f 
F
u
n
ct
io
n
in
g
 B
ud
s 
12
0.
5 
89
.5
 
34
.5
 
1.
17
0 
0.
24
2 
10
9.
5 
10
0.
5 
45
.5
 
0.
30
8 
0.
75
8 
T
o
ta
l 
R
es
p
ro
u
t 
L
en
g
th
 
11
4.
0 
96
.0
 
41
.0
 
0.
65
7 
0.
51
1 
98
.0
 
11
2.
0 
43
.0
 
-0
.4
91
 
0.
62
3 
M
e
d
ia
n
 B
ud
 L
en
g
th
 
11
3.
0 
97
.0
 
42
.0
 
0.
58
0
. 
0.
56
2 
91
.5
 
11
8.
5 
36
.5
 
-0
.9
86
 
. 
0.
32
4 
M
a
x
im
u
m
 B
ud
 L
en
g
th
 
11
2.
0 
98
.0
 
43
.0
 
0.
50
2 
0.
61
6 
11
1.
5 
98
.5
 
43
.5
 
0.
45
4 
0.
65
0 
35
 
